Abstract Few previous studies have addressed exercise capacity in patients with corrected congenital heart disease (CHD) and significant anatomical residua. The aim of this study was to determine the aerobic fitness and peak cardiac function of patients with corrected CHD with complete or incomplete repairs, as determined by resting echocardiography. Children, adolescents and young adults (\40 years) with CHD from both sexes, who had previously undergone biventricular corrective therapeutic interventions (n = 73), and non-CHD control participants (n = 76) underwent cardiopulmonary exercise testing. The CHD group was further divided according to the absence/presence of significant anatomical residua on a resting echocardiogram (''complete''/ ''incomplete'' repair groups). Aerobic fitness and cardiac function were compared between groups using linear regression and analysis of covariance. Peak oxygen consumption, O 2 pulse and ventilatory threshold were significantly lower in CHD patients compared with controls (all p \ 0.01).
Introduction
The survival of children with congenital heart disease (CHD) has improved dramatically over the last two decades, and most young patients will now reach adulthood [12] . However, besides the issue of an ever-aging population group, adults with CHD have an increased risk of morbidity and mortality compared to the general healthy population-mostly from cardiovascular disease [32, 45] . Results have shown that during aging, exercise capacity and cardiac function of adults with CHD decline [24] , probably due to a combination of both intrinsic factors and physical inactivity. Children with CHD also have a higher prevalence of obesity and physical inactivity compared to healthy children [30, 34] , conditions which likely lay the foundations for the increased morbidity and mortality observed later in adulthood. For example in one study, exercise intolerance and activity restrictions were significantly and positively associated with increased body mass index (BMI) and BMI percentiles in children with CHD; furthermore, activity restriction was found to be the strongest predictor of risk of becoming overweight and obese [38] .
Exercise training programs for children with CHD may help them in maintaining a healthy lifestyle, while decreasing the risks of adulthood morbidity. A recent systematic review of such programs in children and young adults with CHD concluded that most studies did show a positive effect of exercise training [15] . It was also concluded that exercise training was safe in this population. Nevertheless, when prescribing exercise to a CHD patient, several factors should be taken into account, e.g., the type of exercise to be performed, the intensity and duration; the type of heart malformation and the corrective procedures performed; the presence or lack of anatomical residua; ventricular function; pulmonary arterial pressure; the initial fitness level; and the presence or lack of exercise-induced rhythm abnormalities [7, 20, 39] .
Patients with CHD are usually followed up using resting echocardiography and cardiac magnetic resonance imaging [2, 35, 44] . These modalities assess cardiac morphology and function at rest, which do not necessarily reflect maximal and dynamic cardiac capacity, as observed during exercise [1, 36] . By using resting measures alone, the cardiologist or exercise specialist are limited in making an accurate assessment of the patient's exercise capacity, and in providing personalized exercise recommendations and prescription.
Cardiopulmonary exercise testing (CPET) can evaluate maximal aerobic performance and cardiac function and can provide important information on functional outcomes and the safety of exercise [36, 41] . Furthermore, CPET results can be used to predict survival in adults with CHD [13, 14, 22] , making CPET also an important prognostic tool. For these reasons, clinical guidelines support the routine use of CPET in the periodic evaluation of children and adults with CHD [7, 39] .
Few previous studies have addressed the issue of exercise capacity in CHD patients with significant anatomical residua. It was found that hemodynamically significant lesions such as pulmonary stenosis or pulmonary insufficiency can result in reduced exercise capacity [29, 37] . Patients after tetralogy of Fallot (TOF) repair with significant residual pulmonary stenosis had lower maximal oxygen consumption than patients with lesser residual gradients [26] . In addition, it had been shown that cardiorespiratory fitness normalized after pulmonary valve replacement in children and adolescents with repaired TOF with pulmonary regurgitation [16] . However, data on the relationships between the level of CHD corrections, mainly regarding the presence of anatomical residua, and functional parameters obtained from CPET are scarce and had not been reported to date for other cardiac lesions.
The aim of this study was to determine the aerobic fitness and peak cardiac function of patients with corrected CHD with complete or incomplete repairs, as determined by resting echocardiography, compared with a non-CHD comparison group. We hypothesized that patients that had undergone a complete correction of their heart defect would demonstrate normal peak cardiac function in maximal exercise, while those that still have a hemodynamically significant lesion would have a decreased cardiac function.
Methods Participants
The study population included 73 CHD patients (53 males, 20 females) younger than 40 years of age who had previously undergone biventricular corrective therapeutic interventions (catheterization/surgery), had no other significant comorbidities and who were referred to our exercise laboratory for CPET as part of their regular cardiology follow-up.
The CHD patient group was further divided into two subgroups, according to the absence/presence of significant anatomical residua on a resting 2-dimensional echocardiogram. The first group included 49 CHD patients that underwent repair and had no significant anatomical residua (''complete repair''). This group included patients after correction of TOF (n = 13), transposition of the great arteries (n = 11, all after an arterial switch operation), ventricular septal defect (VSD, n = 9), coarctation of the aorta (n = 6), Ross procedure (n = 3), pulmonary valvuloplasty (n = 1), pulmonary valvuloplasty and VSD repair (n = 1), atrioventricular canal repair (n = 1), mitral valvuloplasty (n = 1), closure of a patent ductus arteriosus (n = 1), partial anomalous pulmonary venous return repair (n = 1) and bypass of a left main coronary due to atresia (n = 1). The second group included 24 CHD patients that underwent repair of their congenital heart defect, yet had significant anatomical residua (''incomplete repair'').
Patients in the incomplete repair group all had a hemodynamically significant anatomical residue on resting echocardiogram, as determined by an experienced pediatric cardiologist (author Uriel Katz). Valvular lesions were considered hemodynamically significant if graded as moderate or severe according to the 2014 AHA/ACC guideline for the management of patients with valvular heart disease [33] . Ventricular dysfunction was considered significant if graded as moderate or severe according to the ASE/EAE recommendations for chamber quantification [27] . The heart defects and procedures in this group were TOF repair with residual pulmonic insufficiency (n = 8), pulmonary stenosis after a Rastelli procedure (n = 5), transposition of the great arteries after a Mustard procedure (n = 3), left ventricular dysfunction after transposition of the great arteries or TOF repair (n = 4), pulmonary stenosis after a Ross procedure (n = 2), aortic stenosis (n = 1) and aortic insufficiency (n = 1).
The non-CHD comparison group included 76 healthy children and young adults (\40 years), who were referred for exercise testing due to clinical complaints (e.g., chest pain, dyspnea, palpitations). All had a normal cardiac echocardiogram, were evaluated by a pediatric cardiologist and a sports medicine specialist and concluded as having no evidence of cardiac, ventilatory or circulatory abnormality.
Participants were not included in the study if they were receiving any medication that had potential cardiovascular effects (e.g., diuretics, beta-blockers, digoxin, angiotensinconverting enzyme inhibitors, methylphenidate) or had any other chronic medical condition other than their known heart disease (in the CHD group) or overweight/obesity. In addition, CHD patients that had undergone a single ventricle repair were not included, nor were participants whose exercise tests were stopped before reaching maximal ability due to an overt lack of cooperation.
The study was ethically approved by the Institutional Review Board of Sheba Medical Center, Tel Hashomer, Israel, and conducted according to the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments.
Data Collection
Demographic and clinical information on medical history and current medication use were collected from the participants' hospital records and CPET reports. Prior to the exercise test, a frontal interview with the patient/guardian was performed by a physician (authors Gal Dubnov-Raz or Uriel Katz), who inquired about past and current medical history and treatment, and reviewed the participant's medical record. If more than one cardiac lesion was present, the lesion considered as the most significant hemodynamically was recorded as the main diagnosis.
Anthropometry Measures
Stature was measured using a wall-mounted stadiometer (Seca 206, Seca gmbh, Hamburg, Germany), to the nearest 0.1 cm. Body mass was measured using an electronic scale (Tanita BC418-MA, Tokyo, Japan) to the nearest 0.1 kg.
BMI was calculated as mass in kg divided by the square of stature in meters.
Cardiopulmonary Exercise Testing

Resting Pulmonary Measurements
All participants underwent inspiratory and expiratory spirometry prior to exercise testing. The spirometry maneuver was explained and demonstrated prior to the test. Maximal voluntary ventilation (MVV) was estimated by multiplying the forced expiratory volume in the first second (FEV 1 ) by 40 [46] and used to calculate the breathing reserve after exercise termination.
Exercise Protocol
The CPET protocol used included an incremental progressive exercise test on an electronically braked cycle ergometer (Ergoselect 100, Ergoline GmbH, Bitz, Germany). After unloaded pedaling for 3 min, the work rate was increased gradually by 5, 10, 15 or 20 W min -1 , according to the predetermined estimation of the individual's predicted peak work rate [19] for children, and according to individual predicted peak oxygen uptake for adults [21] . The increase in work rate was calculated so that exercise duration would last between 8 and 12 min. Participants were instructed to maintain a pedaling rate (cadence) of 60-65 rpm. The exercise test was symptom-limited and terminated when the participant asked to stop, while reporting maximal ability and showing clinical signs of intense effort (e.g., very heavy breathing, facial flushing), or when the required cadence could not be maintained for 5 s or more. Intense verbal encouragement was provided by the staff throughout the test.
Electrocardiographic Measurements
A standard 12-lead electrocardiogram was used to analyze cardiac rhythm at rest and throughout the exercise test. Because peak heart rate during bicycle exercise is usually 5-10 % lower than treadmill exercise, the predicted maximal heart rate for each individual was calculated as 208 -0.7*age [40] multiplied by a factor of 0.925 [6, 36] .
Gas Exchange Measurements and Definitions
Oxygen uptake (VO 2 ), carbon dioxide production (VCO 2 ) and minute ventilation (V E ) were measured by a computerized breath-by-breath analyzer (ZAN ErgoSpiro 680, nSpire Health, Inc. Longmont, CO, USA). The predicted peak VO 2 was calculated using regression equations published for adults ([18 years) [21] and for children and adolescents [9] . Low aerobic fitness was defined as a peak VO 2 \ 85 % of predicted. Respiratory exchange ratio (RER), the ratio between VCO 2 and VO 2 , was measured continuously, and the value at peak exercise was used. The ventilatory threshold (VAT) was identified by an experienced exercise physiologist using the V-slope method [5] and expressed both as relative values (mL O 2 kg -1 min -1 ) and as a percentage of the predicted peak VO 2 . The O 2 pulse, analogous to stroke volume [36, 46] , was calculated as VO 2 /heart rate at peak exercise. The predicted maximal O 2 pulse was obtained from published sources for adults [46] and for children [10] . The O 2 pulse data were expressed both as absolute values (in mL O 2 beat -1 ) and as a percentage of the predicted age-and sex-specific value. Low O 2 pulse was defined as \85 % of predicted.
The V E /VCO 2 ratio, a marker of ventilatory efficiency and cardiac function [11] , was measured at the VAT. A value below 30 was considered normal [3] . Breathing reserve was calculated as MVV minus peak V E and expressed in liters.
Statistical Analysis
Descriptive mean and SD values were calculated for all variables. Proportions were compared by the Chi-square test. Measures of cardiac function were compared between CHD and comparison groups using multiple linear regression techniques and analysis of covariance. Adjustment for age was made by analysis of covariance where appropriate. Age and sex were also controlled for by the use of 'percentage of the predicted values' in those variables which have age-dependent norms, i.e., peak VO 2 and peak O 2 pulse. Similar comparisons were made between the two CHD subgroups. IBM SPSS Statistics software version 21 was used for statistical analyses. Two-tailed p values of B0.05 were considered as statistical significance.
Results
Demographic and anthropometric characteristics of all participants are presented in Table 1 . Participants in the CHD group were older on average and had a higher mean stature, body mass and BMI than the non-CHD comparison group. There was no significant difference in the male/ female ratio. Table 2 presents the physiological parameters obtained at peak exercise. Peak exercise performance, expressed as either peak oxygen consumption or as age-adjusted peak load obtained, was significantly decreased in CHD patients compared with the comparison group (p \ 0.001). Ageadjusted O 2 pulse was also significantly lower in the CHD group (p = 0.012). A greater proportion of participants from the CHD group had a significantly decreased fitness and decreased O 2 pulse, compared with controls (p \ 0.001 and p = 0.009, respectively). Table 3 presents submaximal exercise parameters in CHD patients and the non-CHD comparison group. The ventilatory threshold was significantly lower in the CHD group (p \ 0.001). The V E /VCO 2 ratio was increased in the CHD group compared with the non-CHD comparison group, and the proportion of participants with an abnormal V E /VCO 2 ratio was significantly higher in the CHD group (p = 0.001 and p = 0.021, respectively). Tables 2 and 3 also present exercise parameters in the two CHD subgroups compared with the non-CHD group. Figure 1 displays the relative difference in several parameters between the two CHD subgroups and the non-CHD comparison group. Participants from both subgroups had a significantly decreased aerobic function as compared with controls, with no significant between-group difference (p [ 0.05). The proportion of participants with low fitness also did not differ significantly between the two CHD subgroups (p [ 0.05). The incomplete repair group had a significantly lower peak work rate expressed either as absolute or age adjusted compared with the complete repair group. Age-adjusted O 2 pulse was also lower in both subgroups compared with controls, with a lower value found in the incomplete repair group compared with the complete repair The mean V E /VCO 2 ratio was slightly higher in the incomplete repair group compared with the complete repair group (p = 0.05). The proportion of participants with an elevated V E /VCO 2 ratio did not differ significantly between the CHD subgroups. A lower end-tidal CO 2 pressure 
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Discussion
The aims of this study were to determine the aerobic fitness and cardiac function of patients with corrected CHD and to compare measures of cardiac and ventilatory functions between CHD patients with complete or incomplete repair. Both peak and submaximal exercise parameters were significantly decreased in CHD patients compared with controls. However, we have shown for the first time that participants with an incomplete repair of their heart defect had a significantly lower peak work rate, age-adjusted O 2 pulse, age-adjusted maximal ventilation (V E ) and a higher mean V E /VCO 2 ratio compared to CHD patients that had undergone a complete repair (Fig. 1) . These findings reflect an impaired cardiac function and lower pulmonary perfusion that can be brought about by several possible mechanisms depending on the specific residual abnormalities: decreased right ventricular function, left ventricular diastolic dysfunction or significant valvular regurgitation.
Our findings should alert clinicians to the possibility that a CHD patient with a hemodynamically significant anatomical residue on resting echocardiogram possesses lower aerobic fitness and maximal cardiac function. As aerobic fitness is a major determinant of health and longevity [4] , this possibility should be taken into consideration when prescribing exercise to these individuals. As the medical care of CHD patients continuously improves, survivorship is set to increase. Yet, the natural history of young adults with CHD is a progressive decline in exercise performance [18, 25, 31] . Continuous administration of exercise prescription and healthy lifestyle recommendations can be expected to improve their overall health, increase prognosis and decrease the medical and financial burden.
Very few previous studies focused on exercise testing in CHD patients with significant residual lesions. Studies mainly dealt with pulmonary regurgitation or stenosis, and usually in the context of TOF repair [8, 16, 23, 29, 37] . Collectively, these studies described lower exercise times, lower peak heart rates and reduced work capacity. For example, Roos-Hesselink et al. [37] studied 38 adult patients, 22-23 years after surgery for pulmonary stenosis repair, and found reduced maximal work capacity-which was even lower in those with severe pulmonary regurgitation and right ventricular dilatation. In all of these former studies, CHD patients who underwent corrective procedures, yet remained with significant anatomical residua, had a reduced exercise capacity demonstrated by a variety Fig. 1 Relative reduction in several exercise parameters in the two CHD subgroups as compared to controls. MHR-maximal heart rate, as percent of predicted values; peak VO 2 -as percent of predicted values; VAT-ventilatory threshold, as percent of predicted peak VO 2 ; peak WR-peak work rate, age adjusted; O 2 pulse-as percent of predicted values; VE-maximal ventilation, age adjusted; VE/VCO 2 ratio-expressed as 1 minus the difference from the maximal normal value of 30, in order to graphically display higher VE/VCO 2 values as a functional decrease. * Statistically significant difference (p \ 0.05) compared to controls. Statistically significant difference (p \ 0.05) compared to other CHD subgroup of methods. However, no clear association was found between the severity of the residual findings and the degree of exercise intolerance; patients with milder residual findings were not significantly different than the more severe ones. This finding, described as ''striking'' by Luijnenburg et al. [29] , was attributed to possible diastolic dysfunction, sinus node dysfunction and other causes effecting cardiac function. Our findings suggest to the contrary; the lower aerobic capacity observed in CHD patients with mild residual findings is likely the result of deconditioning, with no significant impairment of cardiac function.
The lower exercise capacity found in our study participants is in agreement with previous studies in children [28, 43] and adults [17, 29, 37, 42] with CHD. The largest series had been published by Kempny et al. [24] , who evaluated the results of over 4400 CPET examinations in adults with various types of CHD. Most patients had a reduced exercise capacity compared to normal values, with decreasing fitness levels seen with increasing severity of the heart defect. Our study extends these findings, as Kempny et al. [24] did not specifically differentiate between the levels of corrections that the patients underwent and only focused on adults. Our findings, of a decreased cardiac function in the incomplete repair group, may partially explain why the lowest peak VO 2 values seen in the former studies were in adult CHD patients that still had an abnormal anatomy and/or function, e.g., Eisenmenger's syndrome, complex CHD, Fontan circulations and Ebstein's anomaly [24] .
By analyzing a wide range of exercise parameters, we demonstrated that, as we hypothesized, the limitation to exercise following complete repair of CHD is not caused by reduced cardiac function; it is more likely the result of deconditioning. Exercise training is therefore expected to improve fitness in this population, as had been previously described [15] . The expansion of the multi-disciplinary team that treats CHD patients to include exercise trainers, clinical physiologists or sports medicine personnel, which will utilize available published resources regarding exercise in CHD [e.g., 7, 20, 39], would be advantageous for the care of this population. Such a dedicated person would be able to administer a safe, efficient and personally tailored exercise prescription to each patient, in order to improve her/his health and well-being.
As with all studies, several limitations should be acknowledged. Our sample size was limited due to strict inclusion and exclusion criteria. This may be one explanation why the lower mean peak VO 2 found in the incomplete repair group was not statistically significant, while other measures of peak exercise performance were decreased, compared with the complete repair group. Another potential limitation of our study is that the data are derived from a single center. Different cardiac surgeons and interventional cardiologists may have slightly different practices, which in turn may result in slight hemodynamic differences between patients that are not necessarily identified by the echocardiogram. Different physicians may also differ in their approaches to physical activity and exercise in patients following CHD repair. Finally, there was a significant difference in mean age between CHD patients and controls. We addressed this difference by adjusting for age in our analyses and by presenting data that are highly age dependent, such as peak VO 2 and peak O 2 pulse, as percent of age-and sex-predicted reference values.
The strengths of our study are the large variety of heart malformations included, both in the complete and in the incomplete groups, while only patients with pulmonary regurgitation/insufficiency were used for studies on exercise capacity in the presence of anatomical residua. We performed symptom-limited CPETs to exertion, while several previous studies used submaximal tests. Finally, our analyses included a large number of maximal and submaximal cardiac and ventilatory parameters obtained from the exercise test.
In summary, this study found that peak and submaximal exercise parameters were significantly decreased in CHD patients compared with controls. The major new finding was that CHD patients with incomplete repair of their heart defect had evidence of impaired maximal cardiac function and lower pulmonary perfusion, while participants that underwent complete repair had no evidence of a cardiac or a ventilatory limitation to exercise, signifying proper maximal function of these systems. Clinicians should be aware that CHD patients with significant anatomical residua could have decreased exercise performance and heart function and therefore could provide appropriate, individually tailored exercise prescription to enhance aerobic fitness.
